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Smads: Transcriptional Minireview
Activators of TGF-b Responses
to be required for ligand-induced transcription. Since
coexpression of a receptor-activated Smad with Smad4
activates transcription and dominant-negative interfer-
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Programs in Cell Biology and Developmental Biology ence with Smad signaling inhibits the ligand-induced
response, Smads are considered as effectors for theUniversity of California at San Francisco
San Francisco, California 94143-0640 ligand-induced transcriptional responses. Recent prog-
ress provides insight into the mechanisms through
which Smads regulate transcription and explains the
sequence heterogeneity of the TGF-b/activin-respon-Smads are a class of proteins that function as intracellu-
sive promoter sites. Thus, Smads have been shown tolar signaling effectors for the TGF-b superfamily of se-
act as transcription factors through their ability to di-creted polypeptides. TGF-b-related factors regulate cell
rectly bind DNA, and to induce transcriptional responsesproliferation and differentiation in organisms ranging
through cooperativity with other transcription factors.from insects and worms to mammals. Although only the
Smads Bind Directly to Promoter DNA Sequencesreceptors for TGF-bs, activins, and BMPs have been
Following nuclear translocation, Smads regulate tran-characterized, all TGF-b-related factors, with the excep-
scription through physical interaction of the heteromeric
tion of the distantly related GDNF, are thought to act
Smad complex with a ligand-responsive promoter se-
through a cell surface complex of two types of trans-
quence. For example, the Smad2/4 complex interacts in
membrane serine/threonine kinase receptors. Most re-
response to activin with the Mix.2 promoter of Xenopus
ceptor complexes bind several ligands, and several type
through FAST-1, a winged-helix transcription factor that
I receptors form combinatorial interactions with type II
binds to an activin-response element (Chen et al., 1996,
receptors, thus creating signaling diversity. Following 1997). Whereas Smad2 interacts directly with FAST-1,
ligand binding, the type II receptor kinases phosphory- Smad4 participates in the Smad2/FAST-1 complex pri-
late and thereby activate the type I receptor cytoplasmic marily through its association with Smad2 (Chen et al.,
domains. The Smads then act as type I receptor±acti- 1997; Liu et al., 1997). At the goosecoid promoter, the
vated signaling effectors, which regulate transcription Smad2/4 complex interacts similarly with an activin-
of select genes in response to ligand (Derynck and Feng, response sequence, but this interaction occurs through
1997; Heldin et al., 1997; MassagueÂ , 1998; Whitman, FAST-2, which is structurally related to FAST-1 and
1998). binds to a sequence similar to the FAST-1 binding se-
The Smads received their name as a contraction of quence (LabbeÂ et al., 1998). In an analogous way, the
the names of the C. elegans Sma and Drosophila Mad,
the first identified members of this class of signaling
effectors. Their sequence alignments show two large
conserved domains, the MH1 or N domain, and the MH2
or C domain, separated by a less conserved linker (L)
segment (Figure 1A). The model of how Smads transfer
information from the activated receptor complex to reg-
ulate transcription is illustrated in Figure 1B. The ªre-
ceptor-activatedº Smads interact transiently with the
activated receptor complex and are C-terminally phos-
phorylated by the type I receptor. Thus, Smad2 and -3
are phosphorylated and activated by activin and TGF-b
receptors, whereas Smad1, -5, and -8 are activated by
BMP receptors and, in Drosophila, Mad is activated by
receptors for the BMP-related Dpp. Following dissocia-
tion, the phosphorylated, receptor-activated Smads
form complexes with Smad4 (or Medea in Drosophila),
which are then translocated into the nucleus, where they
regulate transcription. This model shows conceptual
similarity with the Jak/STAT signal transduction path-
way from activated cytokine receptors, whereby recep-
tor activation results in phosphorylation of STATs by
Figure 1. Structural Organization of a Smad and a Current Modelreceptor-associated Jak kinases, and the phosphory-
of the Mechanism of Smad Actionlated STATs translocate into the nucleus to act as tran-
(A) Organization of a receptor-activated Smad. L3 marks the seg-scription factors (Darnell, 1997).
ment that is involved in specifying the Smad interactions with theOver the last ten years, several TGF-b- and activin-
receptor, and the H2 sequence specifies binding to FAST-1.responsive elements have been identified in various pro-
(B) Model for how TGF-b signaling results in signal transduction
moters, but no consensus sequences were apparent. through Smads into the nucleus. BMP-induced signaling uses a
Instead, binding sites for known transcription factors, similar mechanism, but using Smad1, -5, and/or -8 as receptor-
activated Smads.such as AP-1, Sp1, and CTF/NF-1, were often shown
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Smad3/4 complex interacts in response to TGF-b with direct contact with the N domain of Smad3 (Shi et al.,
1998).responsive sequences in the PAI-1 (Dennler et al., 1998;
Remarkably, Smad2 does not bind these DNA se-Feng et al. 1998; Hua et al., 1998), JunB (Jonk et al.,
quences (Dennler et al., 1998; Zawel et al., 1998), demon-1998), or collagenase I (Zhang et al., 1998) promoters.
strating that, in spite of their 92% sequence identity,At these promoters, Smads interact directly with de-
Smad2 and -3 are not functionally equivalent. This differ-fined DNA sequences. This may have come as a surprise
ence in DNA binding is likely due to a sequence insertbecause the first report on the Smad2 interaction with
in the N domain of Smad2, immediately before the DNAthe Mix.2 promoter emphasized an indirect interaction
binding b hairpin, which may interfere with DNA recogni-through FAST-1 (Chen et al., 1996). However, the DNA
tion (Shi et al., 1998). The difference in DNA bindingbinding of Smads in various promoters is now well docu-
properties of Smad2 and -3 may explain why Smad3mented. Thus, Drosophila Mad interacts directly with a
can not replace Smad2 in activating transcription fromGC-rich sequence in the vestigial promoter. Whereas
the goosecoid promoter (LabbeÂ et al., 1998).full-length Mad does not bind, removal of the C domain
Smads Cooperate with Other Transcription Factorsallows its binding (Kim et al., 1997). The inhibition of the
The ability of Smads to activate transcription in responseDNA binding of the N±L segment by the C domain is
to ligand results from a functional cooperativity withconsistent with the notion that the N and C domains
other transcription factors in a nucleoprotein complex (Fig-interact with each other, and that receptor activation
ure 2). Thus, the interactions of the C domains of Smad2results in exposure of the N and C domain sequences
with FAST-1 or -2 are essential for activin- and Smad2/(Hata et al., 1997). Similarly, Medea interacts through
4-mediated transcription from the Mix.2 or goosecoidits N domain with several GC-rich sequences in the
promoters, respectively (Chen et al., 1997; Liu et al.,tinman promoter (Xu et al., 1998).
1997; LabbeÂ et al., 1998). Smad2, but not Smad1, associ-A PCR-based selection has led to the definition of an
ates with FAST-1, and this specificity is determined byoptimal DNA sequence for Smad3 and -4 binding. This
a sequence difference in helix 2 of their C domains (Chenconsensus ªSmad-binding elementº is GTCTAGAC, a
et al., 1998). At TGF-b-responsive AP-1-binding sites,palindromic sequence with two copies of GTCT and its
Smad3 interacts through its N±L segment with c-Junreverse complement AGAC in the opposite DNA strand.
and through its C domain with c-Fos, and thus forms aTandem repeats of this sequence confer TGF-b-induc-
multiprotein complex. The cooperativity between Smad3/ible transcriptional activation (Zawel et al., 1998). Smad3
4 and c-Jun/c-Fos then results in TGF-b-induced tran-
and -4 also bind to TGAGTCAGAC, i.e. an AP-1 binding
scription from these promoter sequences (Zhang et al.,
site TGAGTCA that overlaps with an AGAC-containing
1998). In a conceptually similar way, Smad3/4 cooper-
Smad-binding sequence (Yingling et al., 1997; Zhang et ates with the basic helix-loop-helix protein TFE3 to in-
al., 1998). Finally, Smad3 and -4 bind directly to CAGA- duce transcription from the PAI-1 promoter in response
like sequences in the PAI-1 and JunB promoters (Denn- to TGF-b. Although no physical association between
ler et al., 1998; Jonk et al., 1998) and, as with the ªSmad- TFE3 and Smad3/4 has been shown, all three proteins
binding element,º concatemerization of these sequences interact with a promoter segment, which contains both
confers TGF-b and Smad3/4 responsiveness. These se- a TFE3-binding E box sequence and a Smad-binding
quences again contain tandem repeats of AGAC or its site (Hua et al., 1998). Finally, the responsiveness of the
reverse complement GTCT. Consistent with the direct promoters for the p15 and p21 Cdk inhibitors to TGF-b
DNA binding properties of Mad, deletion of the C domain has been localized to Sp1-binding sites, suggesting that
strongly increases the affinity of the Smad for these Sp1 is required for their transcriptional activation by
sequences (Dennler et al., 1998; Zawel et al., 1998; Smads in response to TGF-b (Datto et al., 1995). The
Zhang et al., 1998). In contrast, Smad4 interacts with an associations of Smad3 with c-Jun (Zhang et al., 1998),
unrelated GC-rich, bipartite sequence in the goosecoid and Smad2 with FAST-1 (Chen et al., 1997) or FAST-2
promoter (LabbeÂ et al., 1998), possibly reminiscent of (LabbeÂ et al., 1998), all depend on ligand stimulated
the Mad/Medea-binding sequences. receptor activation, consistent with the ligand-induced
The direct interaction of the N domain of Smad3 with Smad activation and nuclear translocation of the hetero-
the Smad-binding element of Zawel et al. (1998) has meric Smad complex.
been characterized through crystallographic analysis In Drosophila, analyses of the transcriptional activa-
(Shi et al., 1998). The results reveal that a base-specific tion of the tinman and Ubx promoters in response to
DNA interaction is provided by an 11±amino acid b hair- Dpp further support this model of transcriptional co-
pin in the N domain, which is embedded in the major operativity. The mesoderm-specific induction of tinman
groove of the DNA and contacts the GTCT sequence. requires both Medea/Mad- and Tinman-binding sites in
Three residues in the b hairpin make five hydrogen the promoter; thus, the Dpp-induced Mad/Medea com-
bonds to three bases in the major groove and three plex may cooperate with the homeobox protein Tinman
additional contacts to DNA backbone phosphates. This to induce tinman transcription (Xu et al., 1998). Similarly,
observation, together with the reduced DNA binding af- the Ubx promoter contains a Mad-binding sequence
finity following single base mutations in the GTCT se- and a predicted cAMP-response element (CRE), which
quence (Zawel et al., 1998), suggests that the GTCT are both required for transcriptional induction by Dpp,
(or AGAC) sequence is optimal for Smad3 binding. The suggesting that the Mad/Medea complex cooperates
second base of the GTCT sequence tolerates single with CREB to induce Ubx (Szuts et al., 1998).
base substitutions with only a minor reduction in DNA The cooperativity of Smads with other transcription
binding affinity (Dennler et al., 1998; Zawel et al., 1998; factors is likely a consequence of ligand-induced asso-
ciations, although direct physical interactions of SmadsZhang et al., 1998), which is consistent with the lack of
Minireview
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Figure 2. Cooperative Interactions of Smads with Other Transcription Factors Drive Ligand-Induced Transcription from Responsive Promoters
Interaction of Smad2/4 with FAST-1 (Mix.2 promoter) or FAST-2 (goosecoid promoter) results in activin/TGF-b-induced transcriptional activation
(left). Interaction of Smad3/4 with c-Jun/c-Fos allows TGF-b-induced transcription from the collagenase I promoter (middle). The similarity in
both mechanisms of activation and the proposed cooperativity of Smads with several DNA-binding transcription factors suggests a general
model for transcriptional activation by Smads (right). The heteromeric Smad complex and the cooperating transcription factor(s) (X) interact
with promoter sequences. CBP/p300 can act as coactivator of Smad2 and -3 through direct association. SBE, Smad binding element; ARE,
activin-response element; TRE, TPA-response element (AP-1 binding site); XBE, promoter elements that binds transcription factor X.
have only been described for FAST-1 and -2 and for bringing the sequence-specific activators within prox-
imity of the general transcription machinery and by mod-c-Jun/c-Fos. As a result of this interaction, Smad3 en-
ifying the chromatin structure through histone acetyla-hances the activity of c-Jun at the AP-1-binding site
tion. Accordingly, CBP/p300 acts as coactivator of Smad2(Zhang et al., 1998) and of Sp1 at its binding site (Mous-
or -3 through direct physical interactions with their Ctakas and Kardassis, 1998). It is as-yet unclear whether
domains, the transcriptional effector domains (Feng etFAST-1 and FAST-2 have an intrinsic transcription activ-
al., 1998; Janknecht et al., 1998; Pouponnot et al., 1998;ity, with which Smad2/4 can cooperate, or whether they
Topper et al., 1998). In response to TGF-b, Smad3 asso-merely function as DNA binding adaptors to allow tran-
ciates with CBP/p300 and TGF-b-induced C-terminalscription by Smad2/4. It also remains to be determined
phosphorylation of Smad3 promotes this association.whether Smad3/4 enhances the intrinsic transcriptional
This association with CBP/p300 is likely to be essentialactivity of TFE3. Although Smads have been shown to
for transcriptional activity of Smad3. Thus, C-terminalcooperate with several unrelated transcription factors,
deletions of Smad3, that abolish CBP association, also
the diversity of transcription factors with which Smads inactivate transcription, and interference with CBP/p300
can interact, and the structural bases for these multiple function also inhibits Smad3/4- and TGF-b-induced tran-
interactions remain to be defined. Nevertheless, these scription. Accordingly, increased expression of CBP/
observations suggest that functional cooperation with p300 enhances the transactivation activity of Smad3 and
a select set of transcription factors is at the basis of the the transcriptional induction by TGF-b and Smad3/4.
ability of Smads to activate transcription. Importantly, CBP can not act as coactivator unless
Transcriptional Coactivators of Smads Smad4 is present, presumably because Smad4 stabi-
The transcriptional activity of Smads also depends on lizes the Smad3/CBP complex (Feng et al., 1998). Other
interactions with coactivators within the complex. Thus, coactivators may also play important roles. A candidate
Smad2 or -3 increase the transcription activity of Smad3, for an additional coactivator is MSG-1, which can inter-
act with the C domain of Smad4 in vitro and enhancessuggesting that oligomerization of receptor-activated
the transcriptional activity induced by transfected Smad4Smads regulates the transcriptional activity (Feng et al.,
(Shioda et al., 1998).1998). Smad4, which does not have transcriptional activ-
A General Model for Transcriptional Activationity on its own, is presumably an essential coactivator in
by Smadsthe Smad complex, which may result from two possible
Based on the observations summarized above, thefunctions of Smad4. In the Smad2/4 complex with FAST-1,
mechanism of transcriptional activation by Smads isSmad4 promotes DNA binding of the complex to the
most likely defined by the combined requirements forpromoter DNA (Liu et al., 1997), and in the Smad2/4
interactions with other transcription factors and withcomplex with FAST-2 (and presumably also with FAST-1),
promoter DNA sequences. Consequently, Smad-respon-Smad4 binding to DNA is required for efficient transcrip-
sive promoters have a double DNA sequence require-
tion (LabbeÂ et al., 1998). In addition, Smad4 may act as
ment. One sequence confers the specificity to bind the
a coactivator through its ability to stabilize the Smad- transcription factors that cooperate with the Smad com-
activator complex and its interactions with the general plex. Another adjacent sequence is required for direct
transcription machinery (Liu et al., 1997; Feng et al., Smad binding and confers Smad selectivity to the first
1998). This may explain why Smad4 strongly increases sequence. Thus, only a subset of promoter sequences
the transcriptional activity of Smad1 in response to that bind these cooperating transcription factors are
BMP-4 (Liu et al., 1997) and of Smad2 or -3 in response targets for Smad signaling, and this selectivity is pro-
to TGF-b (Liu et al., 1997; Feng et al., 1998). vided by flanking or partially overlapping sequences that
The closely related CBP and p300 proteins are also allow Smad binding. For example, Smad3/4 cooperates
important coactivators for Smad activity. CBP and p300 with c-Jun to induce transcription from the collagenase
I promoter in response to TGF-b; thus, the AP-1-bindingact as coactivators of several transcription factors by
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site, which binds c-Jun/c-Fos, and the partially overlap- 1998), and Mad is likely to cooperate with CREB for
Dpp-induced transcription from this promoter. Basedping Smad-binding sequence AGAC mediate respon-
siveness to TGF-b and Smad3/4 (Yingling et al., 1997; on these examples, a variety of Smad responses may
depend on activation of other signaling pathways andZhang et al., 1998). However, the AP-1-binding site with-
out a flanking GAC sequence does not allow inducibility modifications in the cooperating transcription factors
may regulate Smad responses.by TGF-b or Smad3/4 (Dennler et al., 1998). Similarly, in
the PAI-1 promoter, the TFE3-binding E-box sequence
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